Hepatitis C virus (HCV) is an enveloped, positive-stranded RNA virus classified in the family Flaviviridae. Infection is often associated with chronic disease, sometimes resulting in hepatitis, cirrhosis, and hepatocellular carcinoma. Although chronic infection occurs in up to 70% of individuals, the mechanisms leading to viral persistence have not been defined. The principal site of replication is thought to be the liver, although several laboratories have suggested that HCV may infect a wider range of cell types, including monocytes/macrophages and B cells (28, 33, 44) .
Hepatitis C virus (HCV) is an enveloped, positive-stranded RNA virus classified in the family Flaviviridae. Infection is often associated with chronic disease, sometimes resulting in hepatitis, cirrhosis, and hepatocellular carcinoma. Although chronic infection occurs in up to 70% of individuals, the mechanisms leading to viral persistence have not been defined. The principal site of replication is thought to be the liver, although several laboratories have suggested that HCV may infect a wider range of cell types, including monocytes/macrophages and B cells (28, 33, 44) .
HCV encodes two putative envelope glycoproteins, E1 and E2, which are believed to be type I integral transmembrane proteins with C-terminal hydrophobic anchor domains. In vitro expression studies have shown that both glycoproteins associate to form heterodimers, which accumulate in the endoplasmic reticulum, the proposed site for HCV assembly and budding (reviewed in reference 53). Being an enveloped virus, HCV likely interacts with specific cell surface receptors that either induce conformational changes in the E1 and E2 glycoproteins, resulting in fusion between the viral and cellular membranes, or mediate internalization of virus particles to endosomes, where the acidic environment triggers membrane fusion-inducing conformational changes. The E2 glycoprotein is thought to be responsible for initiating virus attachment (29, 54, 67, 71) , and we have hypothesized that the E1 glycoprotein contains the fusion peptide responsible for mediating fusion of the virus and cell membranes (31) .
The lack of in vitro systems for HCV propagation has hampered biological and physiochemical studies of the virion and its mechanism of cell entry, so that the cellular receptors remain unknown. Difficulties encountered in purifying sufficient quantities of HCV from plasma have limited studies with native virus. In addition, HCV purified from plasma has been reported to exist in association with immune complexes and plasma lipoproteins (2, 6, 57) . The association of the virus with lipoproteins has led to the suggestion that HCV may use the low-density lipoprotein receptor to gain entry into cells (3, 71) .
In the absence of native HCV particles, virus-like particles expressed in insect cell systems (11, 15, 63, 67) and truncated versions of the E2 glycoprotein have been used as mimics to study virus-cell interactions (29, 54, 58) . Truncated E2 binds specifically to human cells and was used to identify CD81 as a putative receptor for some HCV strains (54) . Recent reports suggest antigenic differences between the truncated form of E2 and that present on virus-like particles for reactivity with E2-specific monoclonal antibodies and CD81 (15, 63, 67) . Since CD81 is expressed on the majority of cell types, it is unlikely to be the sole determinant of viral tropism, and additional cell surface molecules may be required for HCV entry into a target cell (45) .
While virus receptors typically play important roles in defining virus tropism, other cell surface molecules can significantly enhance the efficiency of virus infection. For example, the presence of virus attachment factors, while not required for infection, can make infection of receptor-positive cells far more efficient (43) . DC-SIGN is one such high-affinity virus attachment factor (32) . DC-SIGN is a C-type (calcium-dependent) lectin that is expressed as a homotetrameric type II membrane protein on some dendritic cell subsets and tissue macrophages (32, 60, 61) . DC-SIGN binds human immunodeficiency viruses (HIVs) with high affinity, and once bound, the virus can be transferred to adjoining receptor positive cells (20, 32) . Alternatively, expression of DC-SIGN on cells that also express the HIV receptors can enhance infection in cis (43) . The ability of DC-SIGN to efficiently bind and transmit HIV may help explain how dendritic cells boost infection of T cells in vitro, where dendritic cell-bound virus is efficiently transferred to CD4-positive T cells in the same culture (14) .
Binding of DC-SIGN to the HIV envelope protein (Env) is dependent upon the presence of high-mannose N-linked carbohydrate chains (26, 46, 48) . The Env protein is heavily glycosylated, as are the other DC-SIGN ligands identified to date, ICAM-2, ICAM-3, and the Ebola virus glycoprotein (5, 32, 59a) . The HCV E1 and E2 glycoproteins are heavily glycosylated and predicted to contain high-mannose oligosaccharides, raising the possibility that they may interact with DC-SIGN. In addition, a closely related homologue of DC-SIGN, termed DC-SIGNR or L-SIGN, also functions as an attachment factor for HIV and is expressed on liver sinusoidal endothelial cells (10, 56) . Given the localization of DC-SIGNR in the liver and the highly glycosylated nature of the HCV E1 and E2 proteins, we sought to determine if DC-SIGN and DC-SIGNR could bind these viral proteins. We found that soluble E2 glycoprotein bound efficiently to DC-SIGN and DC-SIGNR and that retrovirus pseudotypes bearing chimeric HCV E1 and E2 glycoproteins also bound efficiently to these attachment factors when expressed on cell lines or primary human endothelial cells. Thus, DC-SIGN and DC-SIGNR may serve as HCV attachment proteins. This interaction could play an important role in HCV pathogenesis by influencing infection and modulating dendritic cell function.
MATERIALS AND METHODS
Cell culture. 293-T and QT6 cells were propagated in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, penicillin, and streptomycin. 293 T-REx cells expressing DC-SIGN and DC-SIGNR were described previously and maintained in medium containing DMEM, 10% fetal bovine serum, 100 g of Zeocin per ml, and 5 g of blasticidin per ml (55) . T-REx cell lines expressing langerin, CD23, CLEC-1, and CLEC-2 were generated as described for DC-SIGN and DC-SIGNR T-REx cells (55) and cultivated in medium containing DMEM, 10% fetal bovine serum, 100 g of Zeocin per ml, and 5 g of blasticidin per ml. DC-SIGN and DC-SIGNR expression was induced by culturing the cells in medium containing 0.1 g of doxycycline per ml or as indicated. 293 T-REx parental cells were maintained in medium containing DMEM, 10% fetal bovine serum, and 5 g of blasticidin per ml. All cells were grown at 37°C and 5% CO 2 .
Plasmids. The plasmid expressing H77 E2 661 was described previously (29) . The HCV cDNA sequence from strain HC-J4 encoding amino acids 364 to 661 was PCR amplified and cloned into the KpnI and NheI restriction sites of the plasmid vector pCAGGS/MCS (49) . The E1/G and E2/G chimeric constructs were generated from the H77 1a consensus sequence with the strategy described by Takikawa and colleagues (40, 62) . To generate the Sindbis virus chimeric constructs, amino acids 364 to 711 of E2 and 171 to 340 of E1 from strain HC-J4 were PCR amplified, fused to the transmembrane domains (TMDs) and cytoplasmic tails of Sindbis virus E1 (amino acids 1210 to 1245) and E2 (amino acids 690 to 751), respectively, and inserted into the NheI and XhoI sites of pCAGGS/ MCS. The DC-SIGN, DC-SIGNR, and Langerin expression plasmids have been described elsewhere (55, 56, 59a, 65) . cDNAs encoding CD23, CLEC-1, and CLEC-2 were obtained by reverse transcription-PCR amplification of total tissue RNA, cloned into pcDNA3, and sequenced to confirm identity.
Antibodies. The mouse monoclonal antibodies (MAbs) m507 (immunoglobulin G2b [IgG2b], anti-DC-SIGN), m604 (IgG2b, anti-DC-SIGNR), and m526 and m612 (IgG2a, anti-DC-SIGN and DC-SIGNR) were purchased from R&D Systems, Inc., Minneapolis, Minn., and have been characterized previously (9, 35) . Rat MAbs specific for HCV E2 (6/1a, 9/75, and 3/11) and E1 (3/8ow) were described previously (29) . The anti-CD81 MAb 5A6 was kindly provided by S. Levy (Stanford University).
Purification of dendritic cells. Human peripheral blood mononuclear cells were isolated from leukocyte concentrates by density gradient centrifugation on Ficoll-Paque (Amersham Pharmacia Biotech). CD14 ϩ monocytes were positively selected with CD14-MicroBeads (Miltenyi Biotec), and the cells were cultured in RPMI 1640 with 1% single-donor plasma, 500 U of recombinant human interleukin-4 (IL-4; R&D Systems) per ml, and 1,000 U of recombinant human granulocyte-macrophage colony-stimulating factor (Immunex) per ml for 5 days. Cells were matured by additional culture for 2 to 3 days in the presence of IL-1␤, IL-6, tumor necrosis factor, and prostaglandin E 2 . Maturation cytokines were added at a final concentration of IL-1␤ of 10 ng/ml; IL-6 of 1,000 U/ml; tumor necrosis factor of 10 ng/ml, and prostaglandin E 2 of 1 g/ml (all from R&D Systems except prostaglandin E 2 , which was from Sigma-Aldrich). Maturation of dendritic cells was verified by CD83, CD25, and major histocompatibility complex (MHC) types I and II marker staining.
Soluble E2 binding assay. 293-T cells were transiently transfected with plasmids expressing H77, HC-J4 E2 661 , or vector alone with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Tissue culture supernatants containing E2 661 were harvested 48 h posttransfection, and the amount of E2 antigen was quantified by enzyme immunoassay, as described previously (29) . Cells expressing DC-SIGN and DC-SIGNR were harvested, washed with phosphate-buffered saline (PBS), and blocked with PBS-1% fetal bovine serum-0.05% sodium azide (fluorescence-activated cell sorting [FACS] buffer). Approximately 2 ϫ 10 5 cells were incubated with mock antigen or E2 661 at a saturating concentration in PBS-1% fetal bovine serum-0.05% sodium azide-1 mM CaCl 2 for 1 h at room temperature, washed, and subjected to flow cytometry analysis for staining of cell-associated E2 with the indicated MAbs.
Flow cytometric analysis. To assess cell surface expression of DC-SIGN and other cell surface-expressed molecules, flow cytometric analyses were performed. Transiently transfected BHK or 293-T cells or stable T-REx cell lines were harvested, washed with PBS, and resuspended in ice-cold FACS buffer. Approximately 2 ϫ 10 5 cells were incubated with the various MAbs at 5 g/ml in a total volume of 100 l for 30 min at room temperature. Cells were washed and incubated in 100 l of phycoerythrin-conjugated anti-species IgG (Jackson Laboratories) diluted 1:1,000 in FACS buffer for 30 min at room temperature, washed, and reconstituted in FACS buffer. Flow cytometric analyses were performed with a FACSCalibur flow cytometer (Becton Dickinson).
Pseudotype production and virus binding assay. HIV particles harboring the HCV glycoproteins were generated by cotransfection of 293-T cells with equal amounts of the HCV E1 and/or E2 expression plasmids and the env-defective pNL4-3-Luc-R Ϫ E Ϫ proviral genome (18) . The supernatant was harvested 48 h posttransfection, aliquoted, and stored at Ϫ80°C. The p24 antigen content of the supernatants was assessed with a commercially available enzyme immunoassay (Coulter Beckman). To investigate virus binding to DC-SIGN and the various other lectins, 293-T cells were transfected with plasmids encoding the various lectins and pcDNA3 control vector, and the cells were seeded into 96-well plates 24 h after transfection. Alternatively, 293 T-REx cells were induced to express DC-SIGN and DC-SIGNR by doxycycline treatment. Equal volumes of p24 normalized viral supernatants were incubated with target cells for 3 h, and the cells were washed three times with DMEM-10% fetal bovine serum and lysed in 1% Triton X-100. The p24 content of the lysates was assessed by antigen capture enzyme-linked immunosorbent assay.
Western blot analysis of HCV E2 binding to various lectins and E2 incorporation into HIV particles. QT6 quail cells were infected with vaccinia virus encoding T7 polymerase, vTF1.1, at a multiplicity of infection of 10 for 1 h. Cells were subsequently transfected with expression plasmids encoding the different lectins and a pcDNA3 control vector, incubated overnight in DMEM with 10% fetal bovine serum and rifampin (100 g/ml), detached, and incubated with H77 E2 661 antigen for 1 h at 37°C. Cells were washed three times with cold PBS containing Ca 2ϩ and Mg 2ϩ , lysed in 1% NP-40-150 mM NaCl-50 mM Tris (pH 8.0)-protease inhibitor cocktail (Roche Molecular Biochemicals). Lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and samples were analyzed for HCV E2 (with a 1:100 dilution of rat anti-E2 MAbs 6/1a and 9/75) and lectin expression (with a 1:1,000 dilution of mouse anti-DC-SIGN m28 or anti-AU1 antibody) by Western blot.
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To investigate the incorporation of E2 glycoproteins into HIV particles, equal volumes of viral supernatants containing 20 ng of p24 antigen were separated by SDS-PAGE, and HCV glycoproteins as well as p24 antigen were detected by Western blot as described above. Alternatively, viral supernatants were concentrated through a 30% sucrose cushion and analyzed by gradient centrifugation. Then 250 l of the concentrated sample was layered onto the top of a 7 to 41% continuous sucrose gradient and separated by centrifugation at 35,000 rpm for 3 h at 4°C. After centrifugation, the gradient was fractionated from the bottom into 1-ml aliquots, and the protein was precipitated by the addition of 250 l of cold 50% trichloroacetic acid (TCA). The pellets were washed in 2% TCA, resuspended in sample buffer, and separated on a Novex NuPAGE 4% to 12% Bis-Tis gel. Protein was detected with anti-HCV E2 MAb 3/11 at a dilution of 1:40 and anti-p24 MAb at a dilution of 1:500.
RESULTS

Soluble HCV E2 binds DC-SIGN and DC-SIGNR.
Since the HCV E1 and E2 glycoproteins are retained in the endoplasmic reticulum via motifs in their C-terminal TMDs (16, 24, 30) , truncated forms of the E2 glycoprotein lacking the TMD have been used as mimics to study HCV-cell interactions (Fig. 1) . We have previously characterized secreted forms of the H77 genotype 1a E2 glycoprotein and found that a protein terminating at amino acid 661 (E2 661 ) is efficiently secreted, binds CD81 with high affinity, and is recognized by a series of conformation-dependent MAbs (29) . To investigate whether E2 can bind DC-SIGN and DC-SIGNR, we utilized T-REx cells, which express high levels of DC-SIGN and DC-SIGNR upon induction with doxycycline ( Fig. 2A) (55, 56) . However, T-REx cells constitutively express CD81 ( Fig. 2A) , which could complicate interpretation of the E2 cell binding assays. Therefore, to investigate specific interactions of E2 with DC-SIGN and DC-SIGNR, we selected E2 glycoproteins with high (H77) and low (HC-J4) binding affinities for a recombinant form of CD81 (57a).
Soluble H77 and HC-J4 E2 glycoproteins were incubated with cells, unbound protein was removed by washing, and cell surface-bound E2 was detected with anti-E2 MAbs 6/1a and 9/75 (Fig. 2B) . These MAbs were chosen because 6/1a can detect CD81-complexed and noncomplexed E2, whereas MAb 9/75 recognizes an epitope that is masked when E2 binds CD81 and can therefore distinguish between CD81-dependent and -independent forms of cell-bound E2 (29) . With MAb 6/1a, we found that H77 E2 bound well to the parental T-REx cells and to those expressing DC-SIGN and DC-SIGNR. In contrast, HC-J4 E2 only bound to T-REx cells expressing DC-SIGN (Fig. 2B) . However, preincubation of cells with the anti-CD81 MAb 5A6 inhibited H77 E2 binding to parental T-REx cells but not to those expressing DC-SIGN and DC-SIGNR (Fig.  2B) . These data are consistent with our previous observations that H77 E2 661 binds CD81 with high affinity (29) but also show that H77 E2 can bind DC-SIGN and DC-SIGNR.
This interpretation was confirmed by the use of MAb 9/75, which does not recognize CD81-complexed E2. This MAb only detected H77 and HC-J4 E2 bound to cells expressing DC-SIGN and DC-SIGNR and not to the parental T-REx cells, confirming that both E2 proteins bind DC-SIGN and DC-SIGNR independently of CD81. In addition, preincubation of cells with the anti-CD81 MAb had no effect on E2 binding to cells expressing DC-SIGN and DC-SIGNR (Fig. 2C ). In contrast, E2 binding to DC-SIGN and DC-SIGNR was inhibited by mannan and EGTA, agents that are known to block ligand interactions with C-type lectins (32) (Fig. 2C) . Finally, it is interesting that MAb 6/1a detected HC-J4 E2 bound to DC-SIGN but not to DC-SIGNR, suggesting subtle differences in how these lectins interact with HC-J4 E2.
HIV pseudotypes bearing HCV E1 and E2 chimeras bind DC-SIGN and DC-SIGNR. To evaluate the binding of HCV glycoproteins to DC-SIGN in the context of a virus particle, we used an HIV packaging system in which chimeric HCV E1 and E2 glycoproteins were pseudotyped into retroviral particles. Since HIV assembles at the plasma membrane, it was necessary to express the HCV glycoproteins at this location for efficient pseudotype formation. We (31) and others (13, 42, 47, 62) have reported that truncated forms of HCV E1 and E2 fused to the TMD and cytoplasmic tail of influenza virus hemagglutinin or vesicular stomatitis virus (VSV) G glycoprotein are efficiently expressed at the cell surface.
The determinants of HCV glycoprotein heterodimer formation are found in their TMDs (21) . In contrast, VSV-G and influenza virus hemagglutinin form trimers via ectodomain interactions (22, 68, 69) . We therefore generated chimeric proteins containing the Sindbis virus E1 and E2 TMDs, which are known to form heterodimers stabilized via motifs in their TMDs ( Fig. 1) (72) . Chimeric H77 E1 and E2 glycoproteins fused with the TMDs of VSV-G (E1/G and E2/G) or Sindbis virus glycoproteins E1 and E2 (E1/SIN and E2/SIN) were tested for cell surface expression. All chimeric HCV glycoproteins were expressed at the cell surface and able to bind a panel of conformation-dependent MAbs specific for HCV E1 and E2 (Fig. 3A and data not shown) .
To produce virus pseudotypes, 293-T cells were cotransfected with plasmids encoding an envelope-defective HIV-1 proviral genome expressing a luciferase reporter gene (NL4-3-Luc-R Ϫ E Ϫ ) and the chimeric HCV glycoproteins. Extracellular supernatants were collected 48 h after transfection and separated by SDS-PAGE, and HIV core antigen (p24) and HCV glycoprotein incorporation were analyzed directly by Western blot (Fig. 3B) or the supernatants were first subjected to gradient centrifugation followed by Western blot analysis (Fig. 3 C) . The HC-J4 E2/SIN, H77 E2/SIN, and H77 E2/G chimeric glycoproteins as well as p24 antigen were readily detectable, suggesting the formation of pseudotyped particles. However, the E2-p24 ratio varied between virus preparations, possibly due to differences in transfection efficiency during the preparation of different pseudotype stocks (Fig. 3B) . Upon gradient analysis of supernatants obtained by cotransfection of HC-J4 E2/SIN and NL4-3-Luc-R Ϫ E Ϫ a predominant signal for E2 and p24 was detected at sucrose densities of 34.5 to 39%, confirming the incorporation of the chimeric glycoprotein into HIV particles (Fig. 3C) . A similar migration pattern was observed upon analysis of supernatants containing wild-type HIV-1 NL4-3 virions (data not shown). We were unable to monitor incorporation of HCV E1 into virus particles due to the low affinity of the E1-specific MAbs available.
Cell-binding assays were performed with virus pseudotypes expressing the H77 E2/SIN and E2/G glycoproteins or HC-J4 E1/SIN and E2/SIN glycoproteins, either singly or in combination ( Fig. 4A and B) . Parental T-REx cells and those induced to express DC-SIGN or DC-SIGNR were incubated with equal amounts of each virus pseudotype, unbound virus was removed by washing, the cells were lysed, and p24 antigen was quantified by enzyme-linked immunosorbent assay. For a positive control, virus pseudotypes expressing the HIV-1 NL4-3 Env protein were used and shown to bind cells expressing DC-SIGN and DC-SIGNR, as previously reported (55, 56) . Virus pseudotypes harboring chimeric HCV glycoproteins bound cells expressing DC-SIGN or DC-SIGNR at levels comparable to those of virus bearing the NL4-3 Env protein and approximately 10-fold more efficiently than parental T-REx cells not expressing DC-SIGN and DC-SIGNR (Fig. 4A) .
The ability of virus particles produced in cells expressing HC-J4 E1/SIN to bind DC-SIGN-and DC-SIGNR-positive cells suggests that this chimeric glycoprotein was incorporated into virus. None of the viruses bound to the parental T-REx cells in the absence of DC-SIGN and DC-SIGNR (Fig. 4A) . It was of interest that viruses expressing H77 E2/SIN or E2/G failed to bind the parental cells, suggesting minimal interaction with CD81 in the context of these virus particles. HIV expressing both HC-J4 E1/SIN and E2/SIN glycoproteins failed to show any difference in cell binding compared to viruses expressing either chimeric glycoprotein alone (Fig. 4B) . Furthermore, viruses produced in the absence of viral glycoproteins failed to interact with DC-SIGN-and DC-SIGNR-positive cells, implying that the virus-cell interaction was not mediated via cell membrane proteins incorporated into the particles (Fig. 4A) .
The DC-SIGN and DC-SIGNR dependency of cell binding was further assessed with MAbs specific for DC-SIGNR (MAb 604) or DC-SIGN and DC-SIGNR (MAb 526) (9, 35) . MAb 604 blocked virus binding to DC-SIGNR-positive cells, while MAb 526 prevented binding to both DC-SIGN-and DC-SIGNR-positive cells (Fig. 4C) . Similar results were obtained with viral supernatants that were concentrated through a 30% sucrose cushion (data not shown). Thus, both HCV E1 and E2 bind to DC-SIGN and DC-SIGNR when expressed in the context of virus particles. HIV-HCV pseudotype preparations expressing the various chimeric glycoproteins were tested for their ability to infect T-REx cells expressing DC-SIGN and DC-SIGNR and to transfer infectivity to Huh-7 and HepG2 hepatoma cells. Although luciferase was routinely detected in cell types incubated with HIV NL4-3 reporter viruses, no such activity was detected in any cell type exposed to HIV-HCV pseudotypic particles.
The ability of DC-SIGN to support HIV binding is dependent upon the levels at which it is expressed (55). In T-REx cells, approximately 100,000 copies of DC-SIGN are needed to support maximal HIV transmission. This level of expression is well below what is seen on the surface of immature monocytederived dendritic cells, which typically have in excess of 150,000 copies of DC-SIGN (9) . To study the relationship between HCV binding and DC-SIGN and DC-SIGNR expression, cells expressing either DC-SIGN or DC-SIGNR were induced with different concentrations of doxycycline. FACS analysis confirmed variable levels of DC-SIGN and DC-SIGNR expression (Fig. 5A) . Binding of HC-J4 E2/SIN-containing virus particles was dependent upon DC-SIGN and DC-SIGNR expression Ϫ E Ϫ were cotransfected into 293-T cells, and the supernatant was processed as described above and concentrated through a 30% sucrose cushion. The concentrated supernatant was centrifuged into a continuous sucrose gradient, and fractions were analyzed by Western blotting as described in Materials and Methods.
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and occurred efficiently at DC-SIGN and DC-SIGNR expression levels comparable to those found on immature human monocyte-derived dendritic cells (MDDCs) (Fig. 5B) . (Fig. 6) . The relatively high level of virus recovery in these experiments (approximately 25% of input virus) was also observed in some experiments with T-REx cells and is probably due to high levels of HCV glycoprotein incorporation in some virus preparations resulting from efficient transfection. However, all pseudotype virus stocks showed at least a 10-fold increase in binding to cells expressing DC-SIGN and DC-SIGNR compared to parental cells.
HIV/HCV pseudotypes bind DC-SIGN and DC-SIGNR ex-
HCV E2 binds DC-SIGN on dendritic cells. To determine if HCV E2 can interact with DC-SIGN on dendritic cells, immature MDDCs were generated by IL-4 and granulocyte-macrophage colony-stimulating factor treatment, and their phenotype was confirmed by FACS analysis as described in Materials and Methods (data not shown). Immature MDDCs were incubated with HC-J4 E2 661 , and bound antigen was detected with MAb 9/75 by FACS analysis. E2 bound to immature MDDCs, and MAbs specific for DC-SIGN (m612 and m507) inhibited the binding by Ͼ75%, whereas the anti-CD81 MAb had no detectable effect (Fig. 7A and B) . This binding could also be inhibited by incubation with EDTA or mannan (Fig. 7B) . These data suggest that E2 interaction with immature MDDCs is largely dependent upon DC-SIGN (Fig. 7B) . However, maturation of MDDCs with IL-1␤, IL-6, tumor necrosis factor, and prostaglandin E 2 for 2 to 3 days resulted in reduced binding of E2, concomitant with reduced expression of DC-SIGN ( Fig. 7C and data not shown) . Interaction of E2 with mature dendritic cells was only partially inhibited by MAbs to DC-SIGN, suggesting that other cell surface molecules may contribute to E2 binding under these conditions (Fig. 7C) .
Interactions of HIV-HCV pseudotypes and truncated E2 with additional C-type lectins. While DC-SIGN can efficiently bind the HIV-1 Env protein, other molecules on the surface of dendritic cells can also support this interaction (9, 65, 70) .
Since binding of E2 to immature MDDCs was only partially inhibited by DC-SIGN-specific MAbs and binding to mature MDDCs was not inhibited, we examined the ability of E2 to interact with other C-type lectins known to be expressed on dendritic cells. T-REx cells expressing langerin, CD23, CLEC-1, or CLEC-2 were tested for their ability to bind HC-J4 E2/SIN-bearing HIV particles. All of the lectins were engineered to contain the AU1 antigenic tag so that expression could be confirmed by FACS analysis (Fig. 8B) or Western blot (Fig. 8C, lower panel) . CLEC-1 was expressed at relatively low levels, confirming that this protein is mainly localized in the cytoplasm (17) . Only cells expressing DC-SIGN and DC-SIGNR bound detectable levels of virus (Fig. 8A) , and binding to langerin was slightly above background. Similar results were obtained when binding of soluble H77 E2 661 to transiently transfected quail cells was examined. Thus, E2 protein bound well to cells expressing DC-SIGN and DC-SIGNR and weakly to cells expressing langerin (Fig. 8C, top panel) .
DISCUSSION
The lack of an in vitro system for the propagation of HCV makes the identification of cell surface proteins that may serve as virus receptors or attachment factors difficult. Putative receptors have been identified (54) , although it is not apparent at present how their authenticity can be confirmed. However, identification of cellular ligands to which HCV glycoproteins bind can help define the mechanisms that contribute to viral pathogenesis and may suggest new therapeutic approaches. The chemokine receptors that are utilized by HIV to infect cells, for example, are targets of small-molecule inhibitors that are now in clinical development (23) . It is therefore important to identify potential virus receptors (proteins required for virus entry) and attachment factors (proteins to which virus binds but which are not required for infection) even in the absence of replication-competent HCV systems. To overcome the problems associated with the production of native HCV particles, we used soluble versions of the E2 glycoprotein and HIV pseudotypes expressing membrane-associated chimeric E1 and E2 glycoproteins, which contain the VSV-G or Sindbis virus E1 or E2 transmembrane domains. While our systems are unlikely to completely mimic the native structures of E1 and E2 on HCV particles, the observations that E2 661 is efficiently secreted from cells, binds a number of conformation-dependent MAbs, and interacts with a number of human cell types suggest that it folds in a manner comparable to the full-length protein (29) . Furthermore, Takikawa and colleagues (62) reported that chimeric HCV E1/G and E2/G glycoproteins were able to induce cell-cell fusion, although a recent report was unable to confirm this observation in the context of VSV pseudotypes (13) .
We noted differences in the ability of H77 E2 661 and pseudotyped viruses expressing H77 E2/SIN or E2/G to bind CD81 ( Fig. 2 and 4) in that viruses failed to show detectable However, these data are consistent with recent reports of similar differences in the ability of truncated E2, virus-like particles, and plasma-purified HCV to bind CD81 (67, 71) . The observation that E2 glycoproteins from different HCV strains vary in their ability to bind CD81 (57a) coupled with its almost universal expression argue that CD81 is unlikely to be the primary receptor for HCV infection. More recently, the E2-CD81 interaction has been reported to provide a costimulatory signal for the activation of T cells (66) and to modulate NK cell function (19, 64) suggesting that the HCV-CD81 interaction could have an immunomodulatory role. We found that both truncated soluble E2 and virus-associated E1 and E2 glycoproteins bound to cells expressing DC-SIGN and DC-SIGNR. These interactions were observed in cells of different lineages and were shown to be dependent upon DC-SIGN and DC-SIGNR expression levels. The ability of both mannan and EGTA to inhibit E2 binding to DC-SIGN and DC-SIGNR is consistent with a carbohydrate recognition event. The C-type lectin langerin has also been shown to bind HIV Env in a mannan-inhibitable manner (65); however, langerin did not efficiently bind E2, suggesting that although the presence of high-mannose carbohydrates determines to some degree the specificity of binding for these C-type lectins, other determinants may exist between different lectins.
Although DC-SIGN binds high-mannose N-linked carbohydrate structures, modulation of the content of immature carbohydrate chains on a glycoprotein can affect DC-SIGN binding (26, 46, 48) . Conditions in which all carbohydrate chains of HIV Env remain in the high-mannose form resulted in a more efficient interaction with DC-SIGN, suggesting that multiple N-linked high-mannose chains need to be present on a protein surface to allow optimal engagement of a DC-SIGN tetramer. Langerin may have an additional and/or slightly different requirements than DC-SIGN for efficient glycoprotein binding.
Since DC-SIGN and DC-SIGNR are not expressed on hepatocytes, they are unlikely to function as true HCV receptors; however, they may serve as HCV attachment factors. Recruitment of virus to the cell surface, either by a viral receptor or via an attachment factor, can be rate limiting for infection (50) . Therefore, factors such as DC-SIGN and DC-SIGNR that promote virus binding may enhance the rate and efficiency of virus infection (10, 43, 55 ). An additional property that distinguishes DC-SIGN from other attachment factors is its ability to efficiently transmit captured virus to an adjoining cell expressing the principal receptor (32) . The mechanisms that account for DC-SIGN-mediated transfer of virus are incompletely understood but may involve virus internalization and recycling to the cell surface (25, 41) .
DC-SIGNR expression in vivo is restricted to specific types of endothelial cells, including liver sinusoidal endothelial cells, lymph node sinuses, and some capillaries in the human placenta and gastrointestinal tract (10, 35, 56, 60) . Recently, Breiner and colleagues hypothesized that hepatocytes are not directly exposed to blood-borne viruses because sinusoidal endothelial cells, which line the hepatic sinusoids, although fenestrated, physically separate the sinusoidal blood from the hepatocytes (12) . A number of reports support this model, in that a variety of molecules appear to be selectively transported across the sinusoidal endothelia (38, 39, 51, 52, 59) . The expression of DC-SIGNR on liver sinusoidal endothelial cells suggests that this cell type may capture and concentrate circulating HCV in the liver and present virus to the adjoining hepatocytes, in a manner analogous to DC-SIGN presentation of HIV on dendritic cells to adjoining T lymphocytes.
HCV infection persists in the majority of individuals and, in 
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addition to causing liver disease, may also affect B-cell proliferation. More recently, HCV has been implicated as the causative agent of mixed cryoglobulinemia and in the pathogenesis of B-cell non-Hodgkin's lymphoma (1, 27, 28, 34) . The high frequency of chronic infection suggests that an effective antiviral immune response is not initiated or maintained and that virus-mediated immune evasion strategies may be operating. Several studies have reported impaired maturation, reduced allostimulatory ability, and decreased gamma interferon production of blood-derived dendritic cells in HCV-infected individuals, which is restored during successful interferon therapy and subsequent viral clearance (4, 7, 8, 36, 37) . Since the major site of HCV replication is thought to be hepatocytes within the liver and association of HCV RNA with dendritic cells appears to occur at low frequency, their reported dysfunction may not be attributable to direct infection (44) . The data presented here support a model in which HCV interaction with DC-SIGN on dendritic cells may affect their ability to signal and stimulate T cells.
In conclusion, we report that HCV E2, in the form of a truncated soluble protein and HIV pseudotypes expressing chimeric VSV and Sindbis virus fusion glycoproteins, interacts specifically with primary cell types and cell lines expressing DC-SIGN and DC-SIGNR but not with the other C-type lectins tested. It will be important to confirm that these glycoprotein-cell interactions occur in the context of authentic HCV particles and primary cell types expressing DC-SIGN and DC-SIGNR. Such interactions may contribute to the establishment or persistence of HCV infection both by the capture and delivery of virus to the liver and by exerting immunomodulatory effects.
